The tetraphenylborate salts of the cationic vinylidene complexes [Cp*RuCCHR(
. In these species, the entering proton is located at the α-carbon atom of the former vinylidene ligand, which also forms a P−C bond with the phosphorus atom of the i Pr 2 PNHPy ligand. To shed light on the reaction mechanism, DFT calculations have been performed by considering several protonation sites. The computational results suggest metal protonation followed by insertion. The coordination of chloride to ruthenium leads to alkenyl species which can undergo a P−C coupling to yield the corresponding alkene complexes. The noncoordinating nature of [BPh 4 ] − does not allow the stabilization of the unsaturated species coming from the insertion step, thus preventing this alternative pathway.
■ INTRODUCTION
Protonation of transition-metal vinylidene complexes is an established synthetic route for the preparation of cationic carbyne species. 1 In most cases, the β-carbon atom of the vinylidene ligand is selectively protonated, furnishing carbyne complexes (Scheme 1), although there might be alternative protonation sites in the complex leading to other feasible reaction products. 2 Ru−carbyne complexes are scarce. 3 At variance with this, Os−carbynes are well-known species 1b,4 due to the remarkable preference of osmium (versus ruthenium) for higher oxidation states and formation of new metal−ligand bonds. 5 Werner and co-workers reported the protonation of [RuCCHPh(H)-(Cl)(PCy 3 ) 2 ] with acids HX having a noncoordinating anion X − in coordinating solvents S to yield the six-coordinate Ru− carbynes [RuCCH 3 (H)(Cl)(PCy 3 ) 2 (S)] + (S = Et 2 O, H 2 O, PhNMe 2 ). 6 In an analogous fashion, [RuCCHPh-(Cl) 2 + . 8 The addition of electrophiles to the β-carbon of a Ru−allenylidene complex has also been observed, leading to dicationic vinylcarbyne derivatives such as [Cp*RuCCH CRR′(dippe)] 2+ (R = H, Ph; R′ = Ph; dippe = 1,2-bis(diisopropylphosphino)ethane) 9 and [Cp*RuCCH CRR′(PEt 3 ) 2 ] 2+ (R = H, Ph; R′ = Ph). 10 Despite the fact that protonation usually takes place at the β-carbon of the vinylidene or allenylidene ligand, there are reports of apparent protonation at the α-carbon. This is the case for the reaction of the nitrosyl vinylidene complex [RuCCHC 6 H 4 Me(Cl)-(NO)(PPh 3 ) 2 ] with protic acids HX, which leads to the Ru− alkenyl complexes [RuCl(X){(Z)-CHCHC 6 H 4 Me)}(NO)-(PPh 3 ) 2 ] (X = Cl, CF 3 COO, FBF 3 ). 11 Ru−carbyne complexes are also accessible by synthetic methods other than protonation of vinylidenes. Thus, square-planar carbyne complexes of the type [RuCR(PCy 3 ) 2 X] (X = F, Cl, Br, I, CF 3 SO 3 ; R = n Bu, Ph, p-C 6 H 4 CH 3 ) have been prepared by net dehydrohalogenation of the Grubbs catalysts [RuCHR(PCy 3 ) 2 Cl 2 ] followed by substitution of the chloride ligand. 12 In a recent work, we studied the alkyne to vinylidene rearrangement for the complexes [Cp*Ru(η 2 -HCCR)-( i Pr 2 PNHPy)][X] (R = COOMe, p-C 6 H 4 CF 3 ; X = Cl, BPh 4 ). 13 We found that the species having Cl − as a counteranion undergo faster isomerization to the corresponding vinylidene complexes [ 3 , Ph, p-C 6 H 4 CH 3 , p-C 6 H 4 Br). These species locate the initial proton at the α-carbon atom and exhibit a new bond between the phosphine ligand and the former vinyl fragment. We have performed DFT calculations in order to clarify the mechanistic details for these protonation reactions and to rationalize the role played by the different counteranions. The experimental and theoretical details are presented and discussed in this study. J(C,P). The coupling constant for the other resonance is much smaller, 6 Hz, and is consistent with a coupling through two bonds, 2 J(C,P). These spectroscopic data are interpreted in terms of the formation of a new ligand in which the proton is located at the α-carbon and a new P−C bond has been created between the phosphorus atom and the α-carbon of the former vinylidene ligand. The result is a η 2 -alkene complex containing a quaternary phosphorus atom attached to the coordinated olefin and to the NH group, with the pyridyl group still bound to ruthenium. These products 3a−d formally contain Ru(II), and one chloride ligand is needed in order to fill one vacant coordination site (Scheme 3). No attack of the pyridyl group on the α-carbon has been observed during the course of this reaction. , Ph (3b), p-C 6 H 4 CH 3 (3c), p-C 6 H 4 Br (3d)) instead of the expected carbyne derivatives. The protonation of the vinylidene complexes 1e-Cl and 1f-Cl did not yield any characterizable compounds. However, the monitoring of the protonation reactions of these vinylidene derivatives by 31 
P{
1 H} NMR suggests that the phosphorus atom remains attached to ruthenium, since no signals attributable to uncoordinated phosphorus (i.e., in the range 55−60 ppm) were observed in the reaction mixtures. At variance with the corresponding carbyne complexes, the derivatives 3a−d are stable species at room temperature and amenable to isolation. Recrystallization of 3d from dichloromethane/petroleum ether afforded single crystals suitable for X-ray structure analysis. An ORTEP view of
+ is shown in Figure 1 , together with the most relevant bond distances and angles.
The structure of 3d contains one disordered molecule of adventitious water of crystallization. The cation [Cp*RuCl- + in 3d has a three-legged piano-stool structure, with the ruthenium atom bound to one nitrogen atom of the pyridyl group, one chloride, and the CC double bond. The ruthenium atom has a formal oxidation state of II, with the four-coordinate phosphorus atom bearing a +1 charge in a phosphonium moiety. The C(16)− C(17) bond distance is consistent with a slightly weakened double bond, similar to that observed in other ruthenium π-alkene complexes.
16, 17 The Ru ( (9) Å). 17 It is clear that the present counteranion plays an important role in determining the ultimate products of the protonation reaction of these vinylidene complexes. In this sense, our results are remarkable not only because they demonstrate the existence of alternative reaction pathways but also because of the unusual nature of the product resulting from the protonation of the vinylidene complexes with chloride as counteranion. The formation of complexes 3a−d might initially suggest that protonation seemingly takes place on the α-carbon of the vinylidene ligand. However, this carbon atom is traditionally considered as electrophilic and usually tends to undergo several kinds of nucleophilic additions. 19 In order to follow the trail of this alternative protonation, we have monitored by VT- 31 P{ 1 H} NMR spectroscopy the reaction of 1a-Cl with HBF 4 ·OEt 2 in the complex to acid ratio 1:1 in CD 2 Cl 2 in the temperature range of −80 to +25°C (Figure 2 ). At −80°C the NMR spectrum basically consists of one rather broad resonance at 136.1 ppm, which is attributed to the vinylidene complex 1a-Cl. There is a minor peak at 133.8 ppm which might be attributed to a small amount of the carbyne complex 2a. As temperature is raised, two resonances at 128.9 and 140 ppm increase their intensities at the expense of the signal at 136.1 ppm. At 0°C, the signal at 136.1 ppm disappears almost completely, and two new resonances are observed at 56.6 and 56.9 ppm. These new signals correspond to species in which the Ru−P bond has been cleaved, being replaced by a new P−C bond. At +25°C, only the peak at 56.7 ppm corresponding to the final product 3a is observed. This experiment shows that at least another species in which no direct Ru−P bond is present can be detected. Likewise, the resonances at 128.9 and 140 ppm correspond to intermediates of unknown structure, but in which the Ru−P is preserved.
In the course of this reaction, the variation of the 1 H and 19 F NMR spectra with respect to the temperature was also monitored. The variation of the 19 F NMR spectrum with temperature parallels that previously observed for 31 P{ 1 H} NMR experiments. At −80°C the 19 F NMR spectrum shows one resonance at −62.5 ppm, which is again attributed to the vinylidene complex 1a-Cl. As temperature is raised, two new peaks at −62.9 and −63.4 ppm increase their intensities at the expense of the signal at −62.5 ppm. At 0°C, two new signals are observed at −63.0 and −63.1 ppm, whereas at +25°C, only the resonance corresponding to the final product 3a is observed (−63.2 ppm). The 1 H NMR spectra were rather complex due to the overlapping of signals for several species, as well as to the presence of resonances due to the diethyl ether of the HBF 4 · OEt 2 used in the protonation. In the studied range of temperatures, no signals attributable to hydride ligands were observed on the high-field region of the 1 H NMR spectra. Between −20 and 0°C, two doublets of doublets appear at 3.40 and 5.30 ppm. These signals are due to the CH protons of the intermediate species containing a η 2 -alkene ligand. At +25°C these signals disappear, being replaced by one set of doublet of doublets corresponding to the final product 3a. There is no 1 H NMR evidence for the formation of the carbyne complex 2a in the course of the protonation of 1a-Cl. Given the importance of chloride, we also studied the protonation reactions using anhydrous HCl (generated by reaction of Me 3 SiCl with MeOH in Et 2 O) as acid. The reaction of 1a-Cl with HCl follows the same course as that using HBF 4 ·OEt 2 . However, no reaction is observed between 1a-BPh 4 and HCl under similar conditions. The VT 31 P{ 1 H} NMR spectra show the resonance corresponding to the starting vinylidene complex unchanged. At +25°C the signal collapses and the NMR spectrum becomes featureless. This is due to the formation of a very insoluble orange precipitate in the NMR tube. No attempts were made to isolate or characterize the product resulting from the protonation of 1a-BPh 4 with HCl, but it became clear that the carbyne complex 2a is not formed under these conditions.
Computational Study. In order to obtain mechanistic insights into the formation of the alkene complexes 3a−d, DFT studies have been performed on the protonation of complex 1a-Cl by HBF 4 ·OEt 2 in dichloromethane (DCM). All intermediates and transition states were optimized in the gas phase, and . Suffix a addresses the substrate (R = p-C 6 H 4 CF 4 ), and suffixes c and t indicate the cis or trans stereochemistry of both alkenyl and alkene moieties.
Protonation
Step. The first step of the mechanism deals with the protonation of Ru−vinylidene reactants. This process can occur at several locations, and the most plausible protonation sites are collected in Scheme 4. The entering proton (in boldface italics) can be captured by the previously decoordinated pyridyl ligand (route a), the NH linking group (route b), or by the nucleophilic β-carbon atom of the vinylidene ligand (route c). Finally, direct protonation at the ruthenium metal center was also considered (route d). Due to the strong acidity of HBF 4 ·OEt 2 , we assume an initial barrierless proton transfer; thus, only the relative energies of the protonation products will be discussed for this step.
The reaction starts with complex 1a-Cl, in which the chloride anion has been included, forming a tight ion pair through the NH linking group of the P,N-ligand. 13 As mentioned before, route a entails the N-decoordination of the hemilabile P,Nligand 20 and subsequent nitrogen protonation (Scheme 5). The vacant site at the ruthenium atom is easily fulfilled by the chloride anion, which can interact with the pyridinium moiety through an intramolecular H-bond contact as in 4a. Such species 4a has been taken as zero energy. The corresponding rotamer 4a′ is 2.5 kcal mol −1 less stable. These (or related) kinds of intermediates with the pyridyl ligand decoordinated, which cannot be formed during the protonation of 1a-BPh 4 due to the absence of the coordinating chloride, might explain the NMR signals observed at low temperature (Figure 2) . Species 5a and 5a′ can be found by changing the location of the chloride ligand, but they are less stable (8.9 and 5.0 kcal mol −1 , respectively), since the intramolecular H···Cl interaction disappears. Instead, the recently added hydrogen appears close to the ruthenium center, in the range 2.4−2.5 Å. Now, in order to access the electrophilic α-carbon, the proton can undergo a kind of umpolung process 21 to reverse the polarity: that is, to produce a hydride ligand. This process entails the oxidation of the ruthenium metal from the II to IV oxidation state. From 4a and 4a′, neither intermediates nor transition states to transfer the proton to the ruthenium atom were found. However, species 5a and 5a′ can produce hydride complexes 6a and 6a′ involving barriers of 25.7 (TS5a-6a) and 24.4 kcal mol −1 (TS5a′-6a′), respectively. The protonation at the NH linking group of the P,N-ligand via route b is considered next (Scheme 6). The resulting products 7a and 7a′ are located at ca. 12 kcal mol −1 ; 22 thus, they are unlikely to be detected. From here, putative decoordination of phosphorus and subsequent attack on the α-carbon are not feasible processes, since they involve high energy barriers (see the detailed discussion in the Supporting Information). Additionally, in line with [BPh 4 ] − derivatives (Scheme 2), route c describes the formation of the expected carbyne complexes 2a and 2a′, which lie 7.3 and 9.5 kcal mol −1 above 4a, respectively (Scheme 6). To place the hydrogen at the α-carbon, transition states for 1,2-H migration processes were computed from 2a and 2a′, leading to η 2 -CH-alkenyl species 8a. Depending on the carbyne rotamer, 2a or 2a′, the alkenyl moiety can adopt a trans (8at) or cis (8ac) configuration. The processes demand ca. 35 kcal mol hydride complexes 9a and 9a′ are placed 21.6 and 19.9 kcal mol −1 above 4a, respectively. Neither intermediates nor transition states containing the hydride ligand in a pseudotrans position with respect to the phosphorus atom could be found. Similarly to route a, the entering hydrogen has changed its polarity from proton to hydride, and the α-carbon can now come into play. Vinylidene ligands in 9a and 9a′ rapidly insert into the Ru−H bonds, leading to 16-electron cis-(10ac) and trans-η 2 -CH-alkenyl (10at) complexes. The corresponding insertion transition states, TS9a-10ac and TS9a′-10at, are located at 21.5 and 20.6 kcal mol −1 ; hence, the processes from 9a and 9a′ are almost barrierless. The alkenyl ligand is thought to evolve from a η 2 (C,H) to a η 1 (C) coordination mode, forming species 11ac and 11at. 23 Although both cis and trans pathways show similar Gibbs energy barriers for the insertion step, the trans derivative 11at located at 7.7 kcal mol −1 is more stable than 11ac, placed at 15.0 kcal mol
. This route was also computed on changing the conformation of the isopropyl group of the P,N ligand to fit the X-ray structure of 3d. However, the transition states for the corresponding insertion processes, namely TS9ax-10acx and TS9a'x-10atx, were slightly higher in energy: i.e., 23.6 and 23.1 kcal mol −1 above 4a (see the Supporting Information). A ruthenium protonation and insertion mechanism to form alkenyl compounds has been suggested by Arikawa and co-workers. 11 Overall, four likely different protonation sites have been computationally evaluated. In route a, the pyridyl ligand accepts the proton and transfers it to ruthenium, involving 24−25 kcal mol −1 . In route b, the NH linking group of the P,N ligand accepts the proton, although no feasible reactivity can be envisaged from there. In route c, the β-carbon of the vinylidene ligand can be protonated but the 1,2-H migration processes require ca. 35 kcal mol −1 and the Gibbs energy barriers can hardly be overcome. In route d, the proton reaches the . Therefore, assuming that the energies for the direct metal protonation are essentially the same as those for the hydride species, 24 route d is favored. Formation of the P−C Bond. Route d has led to alkenyl intermediates 11a, which are unsaturated 16-electron species. The next step concerns the inclusion of the chloride anion into the first coordination sphere of the metal in order to stabilize the unsaturated species (Scheme 8). The presence of chloride is crucial to drive the reaction, producing the 18-electron complexes 12a. The formation of these species is not possible when a noncoordinating anion such as tetraphenylborate is employed. At this stage, two conformers have been computed, where the alkenyl moiety can assume an s-cis (12a) or s-trans (12a′) conformation with respect to the Ru−Cl bond. For both cis (c) and trans (t) routes, the s-trans species 12ac and 12at are more stable than the s-cis counterparts 12ac′ and 12at′. The trans intermediates 12at and 12at′ are favored, lying 3.9 and 0.9 kcal mol −1 below 4a, respectively, whereas the cis intermediates 12ac and 12ac′ are placed 8.9 and 20.0 kcal mol −1 above 4a, respectively. Once the alkenyl species 12a are produced, they can undergo a P−C bond formation, yielding the alkene species 3a (Scheme 8). This process is described as a reductive elimination between phosphine and alkenyl ligands. The cis intermediates 12ac and 12ac′ present high energies, and the corresponding transition states, TS12ac-3ac and TS12ac′-3ac′, are energetically inaccessible: ca. 32−35 kcal mol . On the other hand, for the trans intermediates 12at and 12at′ the reductive elimination can take place via TS12at-3at and TS12at′-3at′ (Figure 3 ), involving energies of 21.8 and 21.6 kcal mol −1 above 12at, respectively. The higher Gibbs energies of cis species are attributed to steric effects of the aryl group R with (i) Cp* and isopropyl moieties in 12ac′ and (ii) the Cl ligand in 12ac, whereas both interactions are absent in the trans counterparts. All the aforementioned transition states yield alkene complexes. Again, the trans products 3at and 3at′ (13−14 kcal mol −1 below 4a) are more stable than the cis species 3ac and 3ac′ (1−2 kcal mol −1 below 4a). Eventually, the even more stable alkene complex 3a (−16.4 kcal mol −1 ), whose P,N-ligand conformation agrees with that observed in the analogous X-ray structure of 3d, can be obtained from 3at or 3at′ through proper isopropyl rotations. The P−C coupling transition states with the X-ray isopropyl conformation have also been computed, namely TS12atx-3a and TS12at′x-3at′x, but they exhibit higher Gibbs energy barriers of 24.6 and 27.0 kcal mol −1 above 12at, respectively (see the Supporting Information). Likely, either 3at or 3at′ is first formed, and then it evolves to 3a. Thus, the resonance observed at 56.9 ppm during the VT 31 
1 H} NMR monitoring of the protonation of 1a-Cl with HBF 4 ·OEt 2 might correspond to either 3at or 3at′ (Figure 2 ). This signal disappears at 298 K, being replaced by another one at 56.7 ppm corresponding to the final product 3a.
To conclude, a reaction mechanism for the formation of the alkene complexes 3a−d has been proposed. First, the protonation of vinylidene reactant 1a has been considered to take place at the pyridyl nitrogen (route a, Scheme 5), the NH group of the P,N ligand (route b, Scheme 6), the β-carbon (route c, Scheme 6), and the ruthenium metal (route d, Scheme 7). Pyridine decoordination and subsequent nitrogen protonation (route a) form the most stable species 4a, but only the metal protonation (route d) provides a feasible pathway that demands ca. 21 kcal mol −1 (in comparison to ca. 25 and 35 kcal mol −1 for routes a and c, respectively). This process leads to alkenyl species 12a, which includes the chloride anion directly bound to ruthenium. The P−C reductive couplings were computed for both the cis-and trans-alkenyl compounds (Scheme 8). In agreement with experimental studies, the trans derivatives were the most favored, involving barriers of ca. 22 kcal mol −1
. The key steps were also computed using the conformation of the P,N ligand as in the X-ray structure of 3d, but the Gibbs energy barriers were slightly higher.
As has already been demonstrated for the protonation of transition-metal hydrides, 25 the protonation of a vinylidene complex also introduces a mobile H center in the coordination sphere of the metal, which shows a H + /H − duality and can evolve in a variety of ways depending on the reaction conditions. In our case, the presence of a coordinating anion opens up a new reaction pathway, which is not possible when bulkier noncoordinating counteranions are present. Our results expand the kinds of organometallic reactions where the counteranion plays a key role. 13 [Cp*RuCCH 2 R( i Pr 2 PNHPy)] 2+ (R = C 6 H 4 CF 3 (2a), Ph (2b), C 6 H 4 CH 3 (2c), C 6 H 4 Br (2d), Bu t (2e), H (2f)). Solutions of the respective vinylidene complexes 1a-BPh 4 −1f-BPh 4 (0.1 mmol) in CD 2 Cl 2 , prepared under an argon or dinitrogen atmosphere in NMR tubes, were frozen by immersion into liquid nitrogen. Then, an excess of HBF 4 ·OEt 2 (42 μL, ca. 0.3 mmol) was added using a micropipet. The solvent was allowed to melt. Then, the tubes were shaken, to mix the reagents, and stored in an ethanol/liquid nitrogen bath. The samples prepared in this way were studied by NMR at low temperatures. The sample was removed from the bath and inserted into the precooled probe of the NMR spectrometer at 193 K. Once shims were adjusted, the probe was warmed to the desired temperature. The NMR temperature controller was previously calibrated against a methanol sample, with the reproducibility being ±0.5°C. 31 This functional performs well for second-row transition-metal complexes 32 and correctly describes agostic interactions. 33 The Ru atom was described using the scalar-relativistic Stuttgart−Dresden SDD pseudopotential 34 and its associated double-ζ basis set complemented with a set of f-polarization functions. 35 The 6-31G** basis set was used for the H, 36 C, N, F, P, and Cl atoms. 37 Diffuse functions were added for F and Cl atoms 38 in all calculations. Dichloromethane (DCM) solvent effects (ε = 8.93) were calculated through continuum SMD 39 single-point calculations on gas-phase optimized geometries. Transition states were identified by having one imaginary frequency in the Hessian matrix. It was confirmed that transition states connect with the corresponding intermediates by means of application of the eigenvector corresponding to the imaginary frequency and subsequent optimization of the resulting structures. Gibbs energies in DCM solution, ΔG DCM , were computed according to the expression
where the gp subscript indicates gas phase. X-ray Structure Determinations. Crystals of 3d were obtained by recrystallization from dichloromethane/petroleum ether in the form of a monohydrate. Crystal data and experimental details are given in Table S1 in the Supporting Information. X-ray diffraction data were collected on a three-circle diffractometer with CCD area detector at the Servicio Central de Ciencia y Tecnologı́a de la Universidad de Cadiz, using Mo Kα radiation (λ = 071073 Å). Hemispheres of the reciprocal space were measured by ω scan frames with δ(ω) 0.30°. Correction for absorption and crystal decay (insignificant) were applied by semiempirical methods from equivalents using the program SADABS. 40 The structures were solved by direct methods, completed by subsequent difference Fourier synthesis and refined on F 2 by fullmatrix least-squares procedures using the SHELXTL program suite. 41 All non-hydrogen atoms except disordered oxygen atoms in the solvate were refined with anisotropic displacement coefficients. Water O1 was found to be disordered, and it was modeled over three positions, O1A (sof 0.49), O1B (sof 0.31), and O1C (sof 0.21); these oxygen atoms were isotropically refined. The hydrogen atoms were calculated at idealized positions and refined using the SHELX riding model. The program ORTEP-3 42 was used for plotting.
